, and Henry Akinbi, MD 1, 4 N eonatal abstinence syndrome (NAS) comprises a constellation of drug-withdrawal symptoms that result from chronic intrauterine exposure to a variety of substances, including opioids, benzodiazepines, barbiturates, selective serotonin reuptake inhibitors, ethanol, nicotine, and caffeine. Most nonopioid fetal drug exposures result in limited clinical presentation, respond well to supportive care measures, and rarely require pharmacologic intervention. 1, 2 Chronic in utero exposure to opioids is well characterized and is particularly problematic because of its high prevalence and frequent need for pharmacotherapy to mitigate withdrawal signs, especially when the opioid exposure is in the broader context of maternal polysubstance consumption.
Epidemiology of NAS
In a recent national survey, 18.3% of pregnant teens, 9% of pregnant women ages 18-25 years, and 5.9% of all pregnant women reported some illicit drug use. 3 Opioids specifically are ubiquitous and the upsurge in use is contemporaneous with pain management standards set by the Joint Commission on Accreditation of Healthcare Organizations in 2001. Correspondingly, there has been a 5-fold increase in opioid use during pregnancy during the last decade, with a prevalence of 5.6 per 1000 hospital births. [4] [5] [6] [7] The state of Ohio recently reported a 5-fold increase in the frequency of maternal drug abuse and dependency diagnoses at the time of delivery that were related to opioids, placing it second only to marijuana, and a 6-fold increase in hospitalizations due to NAS (from 1.4 to 8.8 per 1000 live births) in less than a decade. 8 The incidence of NAS has also tripled nationally, affecting 47%-57% of infants born to mothers on methadone or buprenorphine maintenance therapy. 7, 9 The economic burden posed by these trends is staggering, with average hospital inpatient cost as high as $59 500 per hospital birth for infants with NAS. 8 In 2011, the treatment of NAS was associated with more than $70 million in charges in the state of Ohio alone. Medicaid was the primary payer source for 85% of NAS discharges during the same timeframe, which is significantly greater than the percentage of all Ohio births billed to Medicaid (55%). 8 
Clinical Presentation of NAS
NAS manifestations are modulated by a combination of maternal and neonatal factors, including the opioid dose, frequency and timing before delivery, maternal pharmacokinetics (PK), placental metabolism, concurrent medications, and neonatal PK and pharmacogenomics. The clinical presentation of NAS reflects a greater abundance of opioid receptors in the nervous system and the gastrointestinal tract. These may exhibit as neurologic excitability (eg, tremors, irritability, increased muscle tone, frequent yawning or sneezing, seizures), gastrointestinal dysfunction (eg, feeding difficulty, uncoordinated sucking, vomiting, diarrhea, poor weight gain), and autonomic signs (eg, diaphoresis, nasal stuffiness, fever, mottling, temperature instability). Other signs include respiratory distress and skin excoriation. The exact mechanism implicated in signs of NAS remains unclear, although it may result from increased adenylyl cyclase activity and norepinephrine release upon cessation of mu-opioid stimulation after birth. 10 In the absence of evidence to substantiate alternate diagnoses, a careful maternal history of alcohol, tobacco, and prescription and nonprescription drug use should be ascertained with one of several tools, including the popular 4Ps Plus (ie, Parents, Partner, Past, Pregnancy). 11 Risk factors associated with maternal substance abuse include lack of prenatal care, premature delivery, sexually transmitted infections such as hepatitis C virus and HIV cigarette smoking, fetal intrauterine growth restriction, and poor maternal nutritional status. 12 In contrast, the risk of developing NAS is reduced by the lack of polysubstance exposure, prematurity, and minor alleles in the mu-opioid receptor (OPRM1) and catechol-O-methyltransferase genes. 13, 14 Clinical suspicion of intrauterine opioid exposure may be corroborated by the use of toxicology screening adapted for urine, meconium, hair follicle, or umbilical cord tissue. 15 Umbilical cord analysis may be advantageous because of comparative ease in obtaining samples, relatively rapid availability of testing results (slower than urine but faster than meconium), and results that are comparable with meconium analysis. 16 In many cases, a positive opioid screen will trigger confirmatory testing that can distinguish the specific drug of exposure (eg, heroin from fentanyl). These additional results may be helpful clinically to determine the source of drug exposure and ultimate risk for withdrawal (eg, a screen positive for fentanyl is likely related to medication received during labor and holds no risk for withdrawal from short delivery exposures). Also, clinicians should know which opioids are screened by the test they are ordering, because it may not identify the presence of all drugs of abuse (eg, buprenorphine or methadone might not be included in the screen). Clinicians should order toxicology screens that will detect common opioid exposures in their patient population.
Hospital charges for urine, meconium, and umbilical cord tissue toxicology screening are relatively comparable, costing $300-$550, $250-$500, and $400-$800, respectively. It should be noted, however, that charges vary between institutions depending on the total number of drugs screened, where the analysis is performed (eg, in-house vs third-party service vendor) and additional charges incurred for confirmation testing. Recent developments in high-end tandem mass spectrometry techniques hold promise for both the identification and quantification of drugs and active metabolites. Local availability of such technology at competitive prices is possible and could expedite meconium toxicology screens, thereby contributing to utility in medical decision-making.
Assessment Tools for NAS
The Neonatal Intensive Care Unit Network Neurobehavioral Scale was developed for use in the neonatal intensive care unit to better understand the long-term implications of intrauterine exposure to opioids. 17 Although the complexity of this comprehensive and sensitive research tool makes its routine use for clinical purposes impractical, it shows that opioidexposed infants demonstrate high levels of dysregulated behavior and stress, it is predictive of worse neurodevelopmental outcome, and it may be useful in identifying behavioral dysfunction that is amenable to early intervention. [17] [18] [19] Limited available data suggest that infants exposed to methadone are more likely to have a lower IQ, exhibit attention deficit/hyperactivity disorder, and receive other disruptive behavior diagnoses. However, these findings should be interpreted with caution because of confounding variables such as environmental, genetic, and socioeconomic factors. More studies will be needed to delineate the risk associated with exposure to non-methadone opioids. 20 Infants at risk for NAS should be monitored diligently during the initial days after birth. Several standardized scoring systems have been developed to assist in identification, quantification of severity, and assessment of response to treatment of term infants with NAS. These include the Finnegan Neonatal Abstinence Severity Score, Lipsitz tool, Neonatal Narcotic Withdrawal Index, and Neonatal Withdrawal Inventory. [21] [22] [23] [24] Although careful training of the staff using these assessment tools can increase interrater reliability, scoring mechanisms remain substantially subjective. In addition, the reduced capacity of preterm and ill infants with in utero opioid exposure to exhibit typical signs of withdrawal limits generalizability. For example, preterm infants may demonstrate less signs of withdrawal because of neurologic immaturity, whereas therapy administered to ill infants may impede full evaluation of withdrawal (eg, intubation, sedation, nil per os [nothing by mouth]).
Despite these shortcomings, the authors' practice aligns closely with recommendations from the American Academy of Pediatrics (AAP), which strongly encourage the use of protocols for the evaluation and management of newborn withdrawal and the use of standardized scoring systems with which the staff is comfortable. 25 Although standardization of treatment is known to enhance outcomes in many areas of medicine, to our knowledge there are no published NAS-specific data that demonstrate reduced length of stay or other clinically important outcome with the use of a protocol. However, the lack of such data should not preclude practitioners from exercising good clinical judgment and implementing sound evidence-based protocols.
Management of Infants at Risk for NAS
The risk of withdrawal is variable and is related to the type of opioid, dose, and timing of exposure. The AAP recommends that infants exposed to shorter half-life drugs and who manifest no signs of withdrawal could be safely discharged after 3 days of observation, whereas it is reasonable to monitor infants exposed to drugs with a longer half-life, such as methadone, for a longer period of time (4-7 days). 25 The authors' institutional policy calls for universal maternal drug screening during parturition, a minimum 72-hour observation for shorter half-life drugs implicated in withdrawal, and a minimum 96-hour observation for infants exposed to methadone or buprenorphine in utero.
The paucity of evidence to support any single treatment strategy has resulted in active debate as to the most effective management strategy. This is at least partially attributable to the absence of data on long-term outcome to compare infants who have exposure to opioids in utero without withdrawal with those who develop signs of withdrawal only requiring nonpharmacologic management and with those who ultimately develop symptoms severe enough to merit pharmacologic treatment. Every nursery, however, should adopt a standardized protocol for assessing and managing infants at risk for NAS, including a specified minimum duration of observation. The staff should be trained in administering the assessment tool selected by the nursery. illicit drug use is considered a contraindication to breastfeeding. 26, 27 Breastfeeding has been associated with less severe symptoms of NAS and a reduced requirement for pharmacologic intervention. 28, 29 In a recent study by Welle-Strand et al, 30 this effect was found to be particularly prominent in a cohort of mother-infant dyads in which the mothers received methadone maintenance treatment for opioid dependency. They reported that breastfed neonates with intrauterine exposure to methadone had a significantly lower incidence of pharmacologically treated NAS (53% vs 80%). However, health care providers should be aware that postpartum women who are in opioid maintenance programs have high breastfeeding cessation rates that may place infants at risk of developing withdrawal symptoms after abrupt discontinuation of breastfeeding despite relatively low concentrations of methadone in breast milk. 29, 30 In the absence of human milk, frequent feedings with high caloric density formula may be needed to optimize growth.
The initial management of all infants suspected of having or at risk for developing NAS should center on nonpharmacologic interventions because this may mitigate the need for medication. An individualized nonpharmacologic treatment strategy developed by the health care team based on signs and behaviors to support the infant's autonomic, sensory, motor, and interactive development should aide in the optimization of patient care. 31 Environmental conditions that minimize external stimuli such as nursing in quiet, dimly lit places and coordinating interventions to allow more quiet time should be encouraged. Gentle handling and positioning may be used to maximize containment, minimize autostimulation, and facilitate self-regulation (eg swaddling with blanket rolls, offering non-nutritive sucking). Rocking or swaying to increase the infant's comfort has been suggested, although rocking is not tolerated by all infants. 25, 32 Frequent, smallvolume feeds are sometimes used to minimize hunger and address suboptimal intake. Increased caloric density feeds may be necessary to ensure adequate weight gain in the face of increased energy expenditures that may occur in addition to gastroesophageal reflux, emesis, and diarrhea. Involving parents through "rooming in" and providing active neonatal care should be encouraged whenever feasible. This allows for parental bonding, more consistent breastfeeding where appropriate, and may decrease length of hospitalization. 33, 34 Pharmacologic Treatment of NAS Several medications, including paregoric, tincture of opium, phenobarbital, morphine, methadone, buprenorphine, and clonidine have been used to treat NAS. The AAP and Cochrane Reviews have concluded that opioids are ideal treatment for neonates exposed to opioids in utero. 25, 35, 36 The treatment of choice is less clear for NAS secondary to exposure to substances other than opioids because of paucity of data as it relates to medications used to treat NAS and their PK, pharmacodynamics (PD), and pharmacogenomics. Practitioners also tend to favor monitoring for resolution of signs of NAS rather than targeting a predetermined maximum medication dose. 37 
Morphine
Oral morphine is the most common first-line medication used in the treatment of NAS amongst nurseries in the US. 38 Many neonatal intensive care units favor the use of this full mu-opioid receptor agonist for its short half-life (4 hours) and the ease of titrating the dose to clinical response. The PK and PD of intravenous morphine in neonates demonstrate substantial interpatient and intrapatient variability, although such studies are lacking for oral formulations in which variability is expected to be even greater. 39, 40 Reported initial starting doses for oral administration are highly variable, but the AAP policy recommends 0.04 mg/kg/dose given every 3-4 hours. 25, 41 Down-titration of dosing generally occurs after 48 hours of clinical stabilization. Subsequently, the daily dose is often decreased by 10% until approximately 0.15 mg/kg/day is attained, after which the medication is discontinued. 42 It should be noted that there is no consensus or evidence-based maximum dose before starting adjunct therapy or minimum dose before medication discontinuation.
Methadone
Methadone is a synthetic, full mu-opioid agonist with a halflife of 25-32 hours. Its use could be advantageous compared with shorter-acting medications by providing a more consistent serum concentration over time. Physiology-based PK modeling of oral methadone in infants predicts substantial interpatient variability, but this claim has yet to be validated. 43 In one retrospective study comparing oral morphine with oral methadone, researchers reported no difference in length of hospitalization. 44 Oral methadone is sometimes used to transition patients with NAS to outpatient care. This strategy is associated with a reduced length of hospitalization but results in a larger cumulative opioid exposure. 45 At the authors' institution, the starting dose for NAS is 0.05 mg/kg/dose every 6 hours, although the dose may be increased to 0.1 mg/kg/dose if symptoms of NAS do not improve within 24 hours of starting the standard dosing strategy, a range consistent with the AAP policy statement. 25, 29 The dose and frequency are decreased after 24-48 hours of stable withdrawal scores. Methadone often is discontinued when signs of NAS remain abated at a dose of 0.01 mg/kg dose every 24 hours. In a recent report, 60% of infants with NAS were unable to wean at 48 hours when the starting dose was 0.1 mg/kg/dose every 6 hours. 46 Because of the paucity of PK and PD data for methadone in neonates, it is difficult to make definitive conclusions regarding these findings; however, it highlights the urgent need for additional study to address presumed large inter-individual drug variability.
Buprenorphine
Buprenorphine is an effective maintenance therapeutic in the adult population as well as during pregnancy. 9, 47 Sublingual buprenorphine is also a treatment modality that is in the early THE JOURNAL OF PEDIATRICS www.jpeds.com Vol. 165, No. 3 stages of investigation for the treatment of NAS. It is a longacting partial mu-opioid receptor agonist with limited neonatal PK data. The safety profile is enhanced by the agonist/antagonist properties of the drug that create a ceiling effect against respiratory depression. Limited reports on buprenorphine have been promising compared with oral morphine in 2 open-label clinical trials. 48, 49 Its use was noted to result in shorter hospitalization and length of therapy compared with oral morphine but is associated with increased need for adjunctive therapy. The reported starting dose was 15.9 mg/kg/day divided every 8 hours. When signs of NAS subsided, doses were decreased by 10% daily until the dose was 10% of the starting dose.
Several current clinical investigations listed on the registry (clinicaltrials.gov) may help optimize pharmacologic treatment strategies. These studies are examining the PK of oral methadone when used to treat NAS (NCT01754324), expanded use of sublingual buprenorphine for withdrawal secondary to in utero benzodiazepine and opioid exposure (NCT01671410), and the PK and utility of sublingual buprenorphine vs oral morphine in the treatment of NAS (NCT01452789). There are also masked trials comparing efficacy of morphine vs methadone (NCT01804075) and buprenorphine vs morphine (NCT01708707). As the PK and PD properties of these drugs are delineated in neonates, treatment protocols may be optimized and could result in evidence-based recommendations regarding first-line therapies.
Adjunctive Pharmacologic Therapies
Despite best efforts to maintain monotherapy regimens, adjunctive pharmacologic agents often are required for infants who do not respond to first-line medications. Common indications for adjunctive therapy include poorly controlled signs of withdrawal despite optimizing the dose of a first-line treatment agent, a persistent inability to wean first-line treatment doses, or relapse of signs of NAS after withdrawal has been treated adequately.
Phenobarbital
Phenobarbital is a GABA A receptor agonist with a long halflife in neonates (67-115 hours), which decreases substantially over the first several weeks of life. A recent Cochrane review concluded that phenobarbital used as a first-line agent is associated with a greater incidence of seizures and longer treatment duration than opioids. 36 Consequently, it should only be considered for second-line treatment or adjunctive therapy. Its sedative qualities and GABA A receptor activity in the central nervous system make it a preferred adjunct in infants exposed concomitantly to benzodiazepines. Dosing practices extend over a wide range for adjunctive phenobarbital. An oral loading dose of 20 mg/kg or 10 mg/kg every 12 hours for 2 or 3 doses followed by 5-10 mg/kg/day of alcohol-free compounded phenobarbital has been reported. 50 Once instituted, the common practice is to discharge patients home on phenobarbital with a goal of allowing infants to outgrow the dose over time. Unfortunately, gaps in knowledge regarding the effects of phenobarbital exposure and pervasive concerns surrounding impaired long-term neurodevelopment will persist, as a registered study designed to address this question was recently terminated due to slow patient recruitment (NCT01089504).
Clonidine
An a 2 -adrenergic receptor agonist used in the treatment of withdrawal in adults, clonidine is also used for adjunctive NAS therapy. 51, 52 A nonlinear mixed effects model of the PK of oral clonidine suggested an optimal (mean) dose of 1.5 mg/kg/dose administered every 4 hours starting in the second week of life to accommodate increased clearance over the first month of life. 53 This strategy represents a 50% increase from the dose of 1 mg/kg/dose used in clinical trials and has not been validated. The AAP dosing recommends of 0.5-1 mg/kg/dose given every 3-6 hours. 25 A recent study comparing clonidine vs phenobarbital as adjunctive treatment was terminated early in favor of phenobarbital because treatment days on morphine was shorter. 54 Clonidine, however, had the advantage of being discontinued before discharge whereas patients on phenobarbital often were discharged home and maintained on the medication for several months. In addition, clonidine also presents less concern about long-term neurodevelopmental outcomes and may ameliorate gastrointestinal symptoms of NAS better than phenobarbital. Some experts have been encouraged by the potential of using this non-narcotic medication as a firstline agent in treating NAS. One double-blinded trial comparing morphine with clonidine may address the utility for this indication (NCT01734551).
Future Directions
Treatment of the maternal-infant dyad should be the goal. However, most facilities are not equipped to support the mother during the entire period of observation, and infants often are admitted to an intensive care unit after pharmacologic treatment is initiated. Regardless of the hospital set-up, few programs have the capability to adopt a more comprehensive model of care that includes sex-specific approaches to medical and mental health care; individual and group addiction treatment; advanced skills development of mothering, nutrition, and regaining self-worth; and appropriate neonatal care. The success of community-based treatment facilities that have adopted this comprehensive program is laudable. Success rates as high as 73% of mothers remaining drug-free (off all opioids) 3 months after completion of residential treatment has been achieved (Jeane Cole, LSW, personal communication, May 2013). Similar models have also been reported to be cost-effective. 55 Additionally, the study of opioid dependence often is confounded by a myriad of complex psychosocial issues. As noted by Jones et al, 56 the efforts of future research should be focused on understanding the effects of medications used for both mother and child in the context of these additional risk factors such as psychiatric diseases, nicotine use, alcohol consumption, and use of other withdrawalinducing legal or illicit exposures. Developing strategies to reduce the initiation of opioid drug use is likewise important.
Efforts to improve or revamp current assessment tools may result in more reproducible measures of neonatal withdrawal and would be aided by the development of more objective measures of clinical status such as serum or genetic biomarkers. Attempts to identify the key pharmacogenetic markers that might explain variability in response to medications and more severe withdrawal are being investigated. 14, 57, 58 Rapid availability of quantitative drug and metabolite screening of likely exposures shows promise. PK interpretation may be added to develop an appropriate, individualized pharmacologic therapy. However, these technologies would have to be set up locally to ensure prompt turnaround of results and may not be feasible or costeffective in all settings. Additional investigation regarding the utility of these technologies for the NAS population will be required before definitive recommendations could be made.
No long-term longitudinal outcome data assessing the effects of chronic in utero opioid exposure are currently available with regards to infants who have been treated for NAS. Certainly, this is a complex multifactorial question that should be addressed. Some of the variables that may likely influence risk for poor developmental outcomes include the degree of intrauterine drug exposure, the extent of neonatal withdrawal, long-term effects of drugs used for the treatment of NAS, genetic predisposition, socioeconomic factors, environmental influences, and long-term access to medical care. Understanding the most influential factors determining long-term developmental outcomes should be a component of targeted, cost-effective, and comprehensive treatment strategies.
The cost of various treatment strategies is an important consideration in all facets of medical practice. The cost of toxicology screening (urine, meconium, or umbilical cord tissue) is similar for all 3 tests and is mostly driven by the total number of drugs screened, individual hospital contracts, and the need for additional confirmation testing. The cost of medication used in the pharmacologic management of NAS has a minimal impact on the total cost of care. If one assumes the treatment of a 4-kg infant and starting doses suggested in this article, the average wholesale price for the first day of pharmacologic treatment of NAS is as follows: morphine ($0.07), methadone ($0.03), buprenorphine ($2.01), phenobarbital ($0.42), and clonidine ($0.03). 59 Of course, this does not include pharmacy or nursing labor in dispensing or administering the products.
Hospital charges undoubtedly vary between institutions and regions of the country, but until better evidence to support a superior individual pharmacologic treatment strategy emerges, the authors suggest that providers be cognizant of local data and tailor treatment protocols to the most costeffective strategy. Backes et al 45 have described perhaps the most creative and intriguing approach to cost containment which involves inpatient stabilization of NAS followed by outpatient management with oral methadone. The efficiency of reduced total hospital days is very appealing but may not be suitable for all patients and should always be balanced against patient safety and the uncertain long-term effect of increased total opioid exposure.
In an era of medicine centered on cost containment and evidence-based treatment strategies, NAS presents many opportunities for quality improvement. The importance of well-designed drug studies in children and especially in neonates is being highlighted. 60 It is crucial that agents used in the pharmacologic treatment of NAS be more fully characterized to optimize treatment protocols. We can further ameliorate outcomes in infants with NAS by focusing treatment on the maternal-infant dyad, devising objective assessment tools, investigating potential biomarkers of disease, characterizing the role of genetic variability, devising thoughtful treatment protocols based on the best available evidence, and designing sound longitudinal studies. Maintaining the status quo in NAS treatment vitiates progress. Further research in these areas is paramount to the development of cost-effective treatment and enhanced outcomes. In 1964, Smythe described a series of infants with tracheotomy for an unusual indication: effective treatment of tetanus neonatorum with relaxation and intermittent positive-pressure ventilation. The condition occurred secondary to the Zulu practice of coating the cut umbilicus of the newborn with dung. Ventilation was required for approximately 4 weeks. Iatrogenic changes in the trachea caused by the tracheotomy tube in turn led to difficulties in decannulation, requiring prior endoscopic surgery.
Contemporaneously, iatrogenic laryngotracheal stenosis (LTS) in children was described. This condition stemmed from the widespread adoption of prolonged endotracheal intubation for the respiratory support of premature neonates, 1 with approximately 1% developing LTS requiring tracheotomy. LTS thus became a new problem, inspiring the development of open techniques for its correction.
Surgical management of severe pediatric LTS continues to evolve, with surgeons using both endoscopic and open reconstruction. Over the past 4 decades, open surgery for expansion or resection of LTS has been refined. 2 Increasing emphasis on minimally invasive surgery, coupled with advances in endoscopic instrumentation, has led experts to revisit the role of endoscopic approaches to relieving airway stenosis. 3 Airway surgeons are learning that if the tracheal cartilaginous skeleton is intact, an endoscopic approach has a reasonable chance of success. Open surgery is reserved for failed endoscopic cases and children with damage to the cartilaginous support of the larynx and trachea.
Experience in the management of intubated neonates has resulted in a dramatic reduction in the incidence of LTS secondary to intubation in neonatal intensive care units. Nonetheless, with the increasing number of extremely premature infants surviving, LTS in infants and children remains a challenging surgical problem. Because these infants have a wide variety of complex disorders, specialized teams of surgeons, pulmonologists, and gastroenterologists have combined their expertise, developing aerodigestive and esophageal centers that provide better medical and surgical services and outcomes. n Robin T. Cotton 
